The geometric dimensioning and tolerancing is one of the most important characteristics of machined parts. A systematic method is proposed in the paper to simulate the shape generation processes in turning operations, to estimate the geometric dimensioning and tolerancing of the turned faces, based on the machining parameters. The simulation model includes both the models of the shape generation motions considering kinematic motion deviations and the cutting tool geometries. The shape generation motions with deviations are mathematically described by combining 4 by 4 transformation matrices. A set of points on the turned faces are generated through the simulations, and an assessment surface is obtained as the datum reference to estimate the 3-dimensional (3D) tolerances, based on the points generated by the turning process simulations. The proposed method provides us with a systematic method to estimate the geometric dimensioning and tolerancing in the turning processes including the kinematic motion deviations.
Introduction
One of the most important revolutions in the later part of the last century is introduction of CNC machine tools, which are able to carry out various complicated machining processes without human interaction. Various types of CNC machine tools are now being designed and applied to machining processes of complicated machine products. The machining accuracy and the geometric dimensioning and tolerancing is one of the most important characteristics of the CNC machine tools for generating the products with the high accuracy and the complicated geometries.
In present global competitions, the quality and the reliability of the industrial products such as automotive parts, electronic parts etc. have to be increased and the annual expenditures on the machining operations to be decreased. Machining processes are inherently complex, and lead to use empirical methods for process developments. In particular, process parameters such as machining speeds, feed rates and tooling are usually selected based on handbooks and trial-and-error prototyping. However, these methods do not guarantee the process parameters which satisfy the required quality.
Since the early 1990s, a paradigm shift in manufacturing from 'real' to 'virtual' production has resulted in a build-up of research interests in the simulation techniques. With the aid of computers, it becomes possible to simulate some of the activities of physical manufacturing systems. The main objective of the virtual productions is to understand and to emulate the behavior of the manufacturing systems on the computers prior to the physical productions, aiming at reducing the amount of testing and experiments on the shop floors. They are so called as virtual manufacturing, virtual machine tools, virtual machining, virtual assembly, virtual tooling and virtual prototyping (Abdul Kadir, et al., 2011) .
Three-dimensional (3D) tolerances analysis is an innovative method which represents and transfers tolerances in 3-dimensional specifications. The advantage of 3D method is that it takes both the dimensional and geometric tolerances into consideration, compared with the traditional tolerance methods considering 2-dimensional (2D) tolerances (Chen, et al., 2014) . Kaymakci et al. (2012) have proposed a unified cutting force model for turning, boring, drilling and milling operations with the inserted tools. The inserted tool tips and their orientations to the reference tool coordinates are mathematically represented by ISO (International Standardization Organization) tool definition standards. The friction forces acting on the rake faces are transformed into reference tool coordinates using the general transformation matrix. Sugimura et al. (2012) have proposed a systematic method to analyze the kinematic motion deviations of rotary tables based on geometric tolerances and mathematical models representing the kinematic motion deviations of machine tools. Chen et al. (2014) have proposed a comprehensive review study of 3D tolerance analysis methods, which reviews four major methods of 3D tolerances analysis and compares them based on the literatures published over the last three decades. The methods studied are Tolerance-Map (T-Map), matrix model, unified Jacobain-Torsor model and direct linearization method (DLM).
However, the proposed model did not deal with how the individual models are applied for estimation of the final geometries of the machined parts or the kinematic motion deviations for estimating the 3D tolerances in the virtual turning processes.
The objective of the present research is to propose a simulation model of the machine tools and the machining processes. A simulation model was proposed and applied to the estimation of the 3-dimensional surface roughness in the boring processes (Thasana, et al., 2014) . In the present paper, the simulation model is expanded to simulate the turning processes with kinematic motion deviations. A set of points on the turned faces are obtained through the simulation. The proposed model represents the turning processes based on both the shape generation motions and the cutting tool geometries. The individual motions are mathematically described by combining 4 by 4 transformation matrices including the kinematic motion deviations. Emphasis is given to the modeling and analysis of the turning processes of the single point tools. A systematic method is also proposed to verify the 3D tolerances of the turned faces based on the simulation results. The 3D tolerance analysis method is also applied to the verifications of the bored faces presented in the previous paper (Thasana, et al., 2014) . The shape generation processes of the machine tools are generally represented by the shape generation motions, and also the tool geometries. The shape generation motions, which are the relative motions of the cutting edges against the workpieces, are executed by a set of rigid component of the machine tools (Sugimura and Murabe, 1997) . The shape generation motions of the cutting edges against the workipieces fixed on the spindles are described by Eq. (1) for the turning processes.
Turning process simulation 2.1 Coordinate systems and kinematic motions
where, A ij : 4 by 4 homogeneous transformation matrices representing the relative positions and the kinematic motions between pairs of rigid bodies i and j X E : Position vector of a point on the cutting edge in the cutting edge coordinate system X S : Position vector of the point on the spindle coordinate system Equation (1) represents the kinematic motion deviations of the cutting edge coordinate system (O E ) against the spindle coordinate system (O S ) of the turning processes on CNC turning centers which is shown in the Figs. 1 and 2. The 4 by 4 homogeneous transformation matrices of Eq. (1), A RS , A RCR , A CRCS , A CST and A TE , represent the relative positions and the kinematic motions between pairs of rigid bodies of the reference coordinate systems and the coordinate systems of the spindles, the reference coordinate systems and the coordinate systems of the carriages, the coordinate systems of the carriages and the coordinate systems of the cross slides, the coordinate systems of the cross slides and the coordinate systems of the tool tips, the coordinate systems of the tool tips and the coordinate systems of the cutting edges, respectively.
The individual matrices include some kinematic and position deviations due to both the motion errors and the set-up errors, therefore, the kinematic motion deviations in the turning processes are described in Eq. (2). 
: Position and rotational deviations of spindles E z , E x : Positioning deviations and straightness deviations in Z-axis and X-axis, respectively E RS : Parallelisim errors of the spindle to the reference coordinate system E CRCS : Squareness errors between the Z-axis and X-axis.
Some typical examples of the 4 x 4 matrices representing the kinematic motions in Eq. (2) are given as follows (Sugimura and Murabe, 1997) . 
In the present research, it is assumed that the parallelism errors and the squareness errors are zero, in order to simplify the analysis.
As regards to the kinematic motion deviations, E θ , E z , and E x are given in the following Equations.
where, 
where,
In the present research, it is assumed that the positioning errors and the straightness errors in X-axis are zero, since the motions in the X-axis are fixed in the turning processes. The parallelism errors E RS and the squareness errors E CRCS as also assumed to be zero for the ease of the simulations.
Kinematic motion of cutting edge
There are various inserted tool tip geometries used in the cutting tools, and seventeen inserted tool tip shapes are defined in ISO 13399 standards (Kaymakci, et al., 2012) . The generalized geometric model of the inserted tools for the turning processes is shown in Fig. 3 , which is presented starting with the placement of the tool tips on the cutter bodies, the identification of oblique tool angles needed in the cutting mechanics model and the kinematics of cutting operations. The geometry of the tool tips are defined in their local coordinate system O T analytically. The control points are derived as functions of insert parameters that have been adapted from Kaymakci et al. (2012) . The parameters x E and z E , which are calculated based on the Kaymakci's model, are added for the ease of analysis, as shown in Fig. 3 .
The positions of the origin O E of the cutting edges for the turning processes are given by Eq. (5) in the spindle coordinate system O S . The positions include all the kinematic motion deviations presented in Eqs. (2), (3) and (4) Kaymakci, et al., 2012) 
Generation of 3-dimensional turned faces
The simulations of the turning processes are carried out and a set of points are analytically generated to represent the turned faces including the kinematic deviations. Figure 4 illustrates the procedure of the virtual turning processes based on the input data of the kinematic deviations, the inserted tool tip parameters and the cutting conditions. f, v c , a p and t w are feed rate, cutting speeds, depth of cut and lengths of turned parts, respectively.
The positions of cutting edges with kinematic deviations against the spindle coordinate system are generated by applying Eq. (5) for the turning processes, taking into consideration of the kinematic deviation parameters. It is assumed that the kinematic deviation parameters follow the normal distribution N(µ, σ), and µ = 0, where µ and σ are the mean values and the standard deviations of the parameters. The kinematic motion deviation parameters are generated randomly based on the specified standard deviations σ in the simulation processes.
Once all the positions of the cutting edge are obtained, the next step is to generate all points on the generated face of the workpiece. The cutting edge of a single point cutting tool has a nose radius, therefore, the contact points of the cutting edge and the workpiece can be described in the cross sectional plane represented by ZX-plane for the turning processes as shown in Fig. 5 . The cross-sectional planes are generated based on the θ z representing the rotational angles of the spindle in Eq. (2).
The critical tool angles are estimated for representing the extent of the tool nose, which generate the machined face. When the kinematic deviations are considered, the tool nose centers are no longer on a straight line, and the
extents of the tool nose also changes continuously. Under these conditions, the discretized tool nose radius can then be represented and evaluated. In Fig. 5 , C i-1 , C i and C i+1 are the tool nose center locations at three consecutive revolutions of the spindle, r e is the corresponding tool nose radius, and P int-1 , P int+1 are the intersection point and the tool contact angle φ ij-1 and φ ij+1 . Based on the locations of the tool nose centers for three consecutive revolutions at the same angular position of the spindle, based on the contact angle φ ij-1 and φ ij+1 of the tool nose during the second revolution can be calculated and the tool nose can be discretized. The coordinates of the intersection point P int-1 and P int+1 of the tool nose profiles between the tool nose locations C i-1 , C i and C i+1 can be calculated by Eq. (6) that have been adapted from Ramaswami (2010) .
In triangles P int-1 P mid-1 C i-1 and P int-1 P mid-1 C i : 
where, P mid-1 : 2-dimensional coordinates of the intersection midpoint C i-1 and C i of the tool nose locations.
: Z coordinates of the intersection point of the tool nose profiles between the tool nose locations C i-1 , C i and C i+1 X int-1 : X-coordinates of the intersection point of the tool nose profiles between the tool nose locations C i-1 , C i and C i+1
In triangles P int+1 P mid+1 C i+1 and P int+1 P mid+1 C i can be calculated similarly with the triangles P int-1 P mid-1 C i-1 and P int-1 P mid-1 C i . The start and end contact angles of the tool nose with the workpiece can be calculated by the equations that have been adapted from Ramaswami (2010) . In triangles P int-1 P mid-1 C i and triangles P int+1 P mid+1 C i angles φ i-1 and φ i+1 are obtained based on the proposed method (Thasana, et al., 2014) .
At any given tool nose locations related to the angular orientations θ z of the spindle with respect to the reference orientation, the span of the tool contact angle between the start and end angle can be divided as required. The profile of the machined face can then be generated as a function of the final position of the cutting edges considering all kinematic deviations [ x''', y''', z'''] (Ramaswami, 2010) . Where, x''', y''', z''' are the geometric deviations of position in the X, Y and Z-axis, obtained from the kinematic motion deviations of both the spindle and the Z-axis feed motions. The tool nose radius (r e ) and the tool contact angle (φ ij+1 ) by applying the following equation. 
Verification of 3-dimensional tolerances
The modeling of form errors associated with machined parts is very important for the high-precision manufacturing. The least-squares method is traditionally used to minimize the sum of the square errors for the part profile evaluation, because the form errors estimated by the least-squares method are not minimum (Lai, et al., 2000) . Therefore, the current ASME Y14.5 defines a minimum zone between two offset envelope surfaces obtained from the actual measurement such that maximum deviation between the datum and the actual feature, concerned for evaluating the form errors (Endrias and Feng, 2003) .
Assessment cylinders shown in Fig. 6 are considered here as the reference datum to measure the 3D tolerances of the turned surfaces. The assessment cylinders are generated based on all the 3-dimensional coordinate data generated by the 3-dimensional turning process simulations. The spindle coordinate system X S Y S Z S coincide the ones in Fig. 1 , therefore, the parameters l 0 and m 0 are fixed, the parameters a 0 , b 0 , and R 0 are estimated.
The distances from the measured R i of all the generated point P i (X i , Y i , Z i ) (i = 1, 2, …, N) and the assessment cylinder is given in the following equation, as shown in Fig. 6. ( )
According to the minimum zone solution defined in ISO/1101 for a given set of data points P i , if all the data points P i are on or between the two coaxial ideal cylinders, the minimal radial separation t between the two coaxial ideal cylinders is called the minimum zone cylindricity error shown in Fig. 6 . It can be expressed as:
where, R max :
The maximum values of distances R i R min : The minimum values of distances R i (Wen, et al., 2013) .
Therefore, the parameters of the assessment cylinders are estimated by applying the following procedure. 
Case Studies
This section shows examples of the generated faces by the turning and also the boring process simulations considering kinematic deviations. The boring process simulations are carried out based on the model and the procedures proposed in Thasana et al. (2014) . A set of the points on the turned and bored faces are generated. In order to validate the virtual machining module of the turning processes, two cases are considered. They are ones without kinematic deviations and ones with kinematic deviations.
Simulation of bored and turned faces without kinematic deviations
Figures 7 (a) and (b) show the simulation of the virtual machining of the turned and bored faces without kinematic deviations, which is simulated by program MATLAB in order to show the discrepancy of the machined and nominal surfaces. The machining parameters of turning and boring processes are described as follows: The turned and bored faces are obtained from 8,000 points generated by the boring and turning process simulations in the Fig. 7 . The generated surfaces are very smooth and only have the distances due to the nose radius in the tool geometries and the feed rates in the machining parameters. Table 1 summarizes the 2D surface roughness Rz, the 3D surface roughness Sz and the cylindricity obtained from the turning process simulations under the various conditions of the feed rate f and the nose radius of the cutting edges r e . The 2D surface roughness obtained by the simulation are same as the theoretical 2D surface roughness Rz_th, and this shows that the proposed simulation is applicable to verification of the surface roughness and the cylindricity of the machining processes with kinematic motion deviations.
The 2D and 3D surface roughness is evaluated by measuring the lines of 12.5 mm length and the areas 12.5 mm x 12.5 mm square referring to JIS B 0633:2001.
The simulation results of the boring processes are almost same as the ones of the turning processes, since the theoretical profiles in both cases are same. The machined surfaces obtained from 8,000 points generated by the turning and boring process simulations. The generated surfaces have larger disturbances compared with the ones shown in Fig. 7 . The disturbances are due to the kinematic motion deviations of the spindle and the Z-axis table.
Tables 2 and 3 summarize the 2D surface roughness Rz, the 3D surface roughness Sz and the cylindricity obtained from the turning and boring process simulations under the various conditions of the feed rate f and the nose radius of the cutting edges r e . The obtained surface roughness and the cylindricity are much greater than the theoretical values and also the simulation results shown in Table 1 The cylindricity is larger than the surface roughness, since the cylindricity is evaluated for all the areas of the generated surfaces. The 2D surface roughness is verified along one line and the 3D surface roughness is verified with in an area. Therefore, the 2D surface roughness is smaller than the 3D ones. The lines and the areas for evaluation of the surface roughness are selected randomly from the generated surfaces of the simulations, and the obtained values are averaged. The evaluated surface roughness and the cylindricity are not so affected by the feed rate f and the nose radius r e as the case of the simulation without kinematic motion deviations. This means that effects of the kinematic motion deviations are greater than ones of the machining parameters.
The surface roughness and the geometric tolerances of the machined faces are also affected by the static and dynamic stiffness of machine tools and the tooling systems, the tool wears, and the machining environments. However, the proposed model deals only with the kinematic deviations of the ideal shape generation motions, and the simulation capability is limited.
On the other, some measurement technology has progressed to measure the kinematic deviations in the shape generation motions, by applying DBB (Double Ball Bar) method for an example. The method proposed here is an initial step to investigate the quantitative relationships between the kinematic motion deviations and both the surface roughness and the 3-dimensional tolerances.
The future steps of the research are to carry out the estimation of the kinematic motion deviations of the machine tools, to carry out the machining experiments by applying the measured machine tools, and to compare the experimental results and the simulation results. When these research works are completed, we will understand more clearly about the effects of the kinematic deviations on the surface quality and ones of the other factors, such as the stiffness and the tool wears.
Conclusions
A systematic method is proposed here to estimate the surface roughness and the 3-dimensional tolerances in the turning process simulations with kinematic motion deviations. The followings are concluded.
(1) A model is proposed to represent the kinematic motions of the cutting edges against the workpieces in the turning processes, taking into consideration of the kinematic deviations of the machine tools. (2) The proposed model is applied to the simulation of the simple turning processes. The geometries of the turned faces are estimated, based on the cutting conditions, the tool geometries and the kinematic deviations of the boring and turning processes. (3) A procedure is proposed to estimate the 3-dimensional tolerances based on both the turning process simulations with the kinematic motion deviations. The proposed method provides us with a systematic method to verify and to evaluate the geometric dimensioning and tolerancing based on the minimum zone cylinders.
